Compared with that of standard dark matter halos, the density profile of the recently proposed new kind of dark matter structure named ultracompact minihalos (UCMHs) is steeper and its formation time is earlier. If the dark matter is composed of weakly interactive massive particles (WIMP), the potential signals, e.g. neutrinos, from UCMHs due to the dark matter annihilation would be detected by IceCube/DeepCore or other detectors and such signals would have a very useful complementarity of γ-ray observations. On the other hand, the formation of UCMHs is related to primordial curvature perturbations on the smaller scales. So constraints on the abundance of UCMHs can be used to give a limit on the perturbations on these scales. In previous works in the literature, the authors focused on the γ-ray signals from UCMHs due to dark matter annihilation. In this work, we investigate the neutrino signals from nearby UCMHs. Although no excess of neutrino signals the dark matter annihilation has been observed, the constraints on the abundance of UCMHs can be obtained and these constraints can be translated into the limit on the primordial curvature perturbations on small scales.
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I. INTRODUCTION
In the earlier epoch, primordial black holes (PBHs) would be formed if there were large density perturbations (δρ/ρ ≥ 0.3) [1] . On the other hand, theoretical research and many observations have shown that the present cosmic structures comes from the earlier density perturbations which have smaller amplitude δρ/ρ ∼ 10 −5 [2] . Recently, Ricotti and Gould proposed that a new kind of structure named ultracompact minihalos (UCMHs) would be formed if the density perturbations satisfy the conditions: 3 × 10 −4 < ∼ δρ/ρ < ∼ 0.3 [3] . Compared with classical dark matter halos, the formation time of these objects is earlier and the density profile is steeper. So it is expected that these new interesting structures would have an effect on the cosmological evolution, such as reionization and recombination, due to the dark matter annihilation within them if the dark matter is composed of weakly interacting massive particles (WIMP) [4] [5] [6] , such as neutralinos. According to the theory, dark matter can annihilate into the standard particles, such as photons(γ), electrons and positrons(e + , e − ), and UCMHs would become one kind of possible high energy astrophysical sources, such as γ-ray sources [7] [8] [9] . The other kind of important product of dark matter annihilation is the neutrino. Although this kind of particle has nearly no effect on the process of reionization or recombination, dark matter halos would be the potential neutrino sources [10] [11] [12] . According to the present theory and observations, 1 there are three types of neutrino, ν e , ν µ , ν τ , and they can convert into one another during propagation. The virtue of neutrino detection is that the neutrinos can propagate nearly without attenuation, so the orientation of the sources can be confirmed easily. Among them, muons (µ) can be produced by the charged flux interaction when they propagate through the medium and they can be detected by way of the Cherenkov radiation which is produced when µ propagates through a medium such as water. So, ν µ is the main target particle of the conventional detection. Generally, the production of gamma-ray flux goes with the neutrino signals when the dark matter annihilates. Therefore, the research on neutrino signals would be a good complementarity of gamma-ray detection. In this paper, different from Refs. [7] [8] [9] where the authors have focused on the gamma-ray flux, we will investigate the potential neutrino signals from the UCMHs due to dark matter annihilation.
Besides being potential high energy astrophysical sources, UCMHs are related to the primordial power spectrum of density (curvature) perturbations on small scales due to their earlier formation time. On larger scales (k ∼ 10 −4 − 1Mpc −1 ), the primordial power spectrum of curvature perturbations can be constrained by the CMB, Lyman-α and large scale structure observations [14] [15] [16] [17] . All of these observations show a nearly scale-invariant spectrum of primordial perturbations with an amplitude P R (k) ∼ 10 −9 .
2 On smaller scales (k ∼ 1 − 10 20 Mpc −1 ), the main constraints come from the PBHs, P R (k) ∼ 10 −2 [18] . If the UCMHs are 1 The new constraint on the number of relativistic species coming from the WMAP-9 year data is N eff = 3.26 ± 0.35 [13] . 2 The new results from the WMAP-9 year data show that there is a tilt in the primordial spectrum [13] .
formed during the earlier epoch, these objects could also be used to obtain the constraints on smaller scales. In Refs. [9, 19] , the authors first used the γ-ray observations to obtain the constraints on the abundance of UCMHs for different masses and then obtained the limit on the primordial curvature perturbations for the corresponding scales, P R (k) ∼ 10 −7 − 10 −6 for k ∼ 5 − 10 8 Mpc −1 . The complementary constraints can also be obtained from the effect of astrometric microlensing produced by UCMHs [20] . In this work, we will use the neutrino observations to obtain the constraints on the primordial power spectrum of curvature perturbations for the small scales.
This paper is organized as follows. The neutrino signals from UCMHs due to dark matter annihilation are studied in Sec. II. In Sec. III, the constraints on the abundance of UCMHs are obtained using the neutrino observations. Then, using these results, we obtain the constraints on the primordial power spectrum of curvature perturbations for the small scales. The conclusions are presented in Sec. IV.
II. NEUTRINO SIGNALS FROM UCMHS DUE TO THE DARK MATTER ANNIHILATION
A. The basic quality of UCMHs
After the seeds of UCMHs are formed, the mass will increase through the radial infall. During the radiation dominated epoch, the increase of the mass is slow until after the redshift of equality of radiation and matter. The variation of the mass of UCMHs with the redshift can be written as [7, 21] 
where M i is the mass within the perturbations scale at the redshift z eq . The density profile of UCMHs can be obtained from the simulation [21, 22] , ρ ∼ r −9/4 , and the specific form is
where R(z) = 0.019 [2] is the dark matter fraction which describes that only dark matter content collapsed to form the UCMHs in the beginning. Due to the structure formation effect, the mass of UCMHs will stop increasing soon and in this work we assume the corresponding redshift is z ∼ 10 [7, 19] . The radius of UCMHs is
i and R ∼1 kpc for M i = 10 6 M ⊙ . So, following the previous works [7, 9, 19] , in this paper we also treat the UCMHs as point sources.
B. Neutrino signals from nearby UCMHs
The annihilation rate of dark matter is proportional to the number density squared, Γ ∼ n 2 σv = ρ 2 σv /m 2 , so the UCMHs have very significant effect on the cosmological evolution [5, 6, 8] . In Refs. [7, 8, 19] , the authors have investigated the γ-ray flux from the nearby and extra-Galactic UCMHs. Besides these high energy photons, the neutrinos would be produced together with the γ-ray in the process of dark matter annihilation. There are three flavors of neutrinos and their anti-neutrinos, ν e (ν e ), ν τ (ν τ ), ν µ (ν µ ), and they can convert into one another due to the vacuum oscillation effect. The muon neutrinos (ν µ ) can convert to muons (µ) during their propagation due to the charged current interaction with the matter. These muon signals can be detected by the detectors on Earth through, for example, the Cherenkov light. Some muons would be produced in the detectors and some are produced before arriving at the detectors. In this paper, we consider these two kinds of neutrino signals which are named contained and upward events, respectively.
The muons produced in the detector through the charged current interactions are called "contained events". Following Ref. [23] , this kind of flux can be written as
where N A = 6.022 × 10 23 is Avogadro's number and ρ is the density of the medium. 
where dNν dEν is the neutrino number per dark matter annihilation and can be obtained from the public code Dark-SUSY [24] . In this paper, we consider the ratio between the neutrino flavors as 1:1:1. Here, we have treated UCMHs as point sources and d is the distance of UCMHs from Earth. The flux of the contained events is shown in the Fig. 1 . Two channels (τ + τ − , µ + µ − ) are shown and the distance is d = 10 kpc. For the mass of UCMHs, we have chosen three values: M UCMHs = 10 −5 , 1.0, and
The main background of the neutrino signals is the atmospheric neutrino flux. For the spectrum of these flux, we use the form [25, 26] dφ for antineutrinos. For the neutrino detector, e.g. the IceCube, the angular resolution is θ = 1 • ∼ 3
• for the energy ranges considered by us [27] . On the other hand, the angle between the muon and the neutrino in the neutrinonucleon scattering should also be considered. Therefore, we set the angle θ max = 5
• and it is enough for our work. In addition, it should be noted that the more detailed analysis might lead to an even better signal to background ratio than indicated in this work, especially at higher energies, where smaller opening angles might be possible.
From Fig. 1 , one can see that the bigger the masses of UCMHs are, the larger the final muon flux is. For M UCMHs = 10 5 M ⊙ , the muon flux exceeds the ATM flux which becomes lower for the higher energy. For a fixed mass of UCMHs, the muon flux will be larger for bigger dark matter mass and higher muon energy. Because the flux of ATM decreases as the energy increases, the neutrino signals from UCMHs due to dark matter annihilation would be detected possibly at higher energy for the large dark matter mass.
The muon neutrinos can also convert into muons before arriving at the detector. The flux for this case is called 'upward events' 
where R(E µ ) is the distance at which muons can propagate in matter until its energy is below the threshold of the detector E th µ [12, 28] and its form is R(E µ ) = 1 ρβ ln α+βEµ α+βE th µ with ρ being the density of the medium, α ∼ 10 −3 GeVcm 2 /g and β ∼ 10 −6 cm 2 /g. The upward events from the UCMHs are shown in Fig. 2 . From this figure one can see that the muon flux for the fixed dark matter mass (left) is comparable with the contained events. The muons with energy below the threshold of the detector cannot arrive at the detector, so the signals are cut off near the energy E ∼ 50 GeV. A common character of the contained and upward events is that the flux of muons from the UCMHs due to the dark matter annihilation exceeds the flux of the atmospheric muons for larger masses of UCMHs and dark matter. For these cases, the UCMHs can possibly be detected.
C. Comparison with other observations
As we mention in the introduction, previous works focused on the γ-ray signals from the UCMHs. In this section, we will discuss these aspects and it can be seen that although the gamma-ray detection is much more attractive, the neutrino detection is still competitive in some cases. In Ref. [7] , the authors studied the γ-ray signals from the nearby UCMHs (d UCMHs = 100pc) formed during three phase transitions in the early Universe (electroweak symmetry breaking, QCD confinement and e + e − annihilation). They found that for some cases the integrated flux above 100 MeV exceeds the thresholds of EGRET or Fermi. For example, for the bb channel, the γ-ray signals from the UCMHs formed during the e + e − annihilation period exceed the threshold of EGRET and Fermi for the dark matter mass m χ ∼ 10−1000GeV. For the lepton channel, µ + µ − , the flux is lower but still above the threshold value. So, if there are UCMHs within this distance, they would be observed by Fermi. In order to have a comparison with our results, we find that the integrated gamma-ray flux for the µ + µ − channel in Ref. [7] will be rescaled by a factor ∼ 10 −2 for d ∼ 10kpc and M UCMHs,0 ∼ 10 5 M ⊙ . As a result, the flux will be under the threshold of the EGRET or Fermi detectors for the larger dark matter mass, e.g. m χ ∼ 1TeV. The situations are different for the neutrino signals. As shown in the left plot in Fig. 1 , the neutrino signals from the UCMHs are still larger than the ATM. From the right plot it can also be seen that the situation is much better for the larger dark matter mass. But it should be noticed that for the lighter dark matter e.g. m χ ∼ 100GeV, due to the stronger flux of ATM, the gamma-ray detection are much more competitive than the neutrino case. Other interesting targets which are similar to the UCMHs are the dwarf spheroidals which are confirmed to be dark matter dominated. In Ref. [29] , the potential γ-ray flux is studied using the Fermi-LAT detector. No obvious excess has been observed and these nondetection results can be transformed into the limits on the dark matter parameters, e.g. dark matter mass (m χ ) and the thermal averaged annihilation cross section ( σv ). The limits are different for different dark matter models and different dwarf spheroidals. The neutrino signals have also been studied using the IceCube detector and there is no excess of signals [30] . The limits on the dark matter parameters can also be derived from these results. It can be seen that for the neutrino signals the constraints are weaker. On the other hand, the γ-ray and the neutrino signals are channel dependent. The constraints on the dark matter from the γ-ray detection are stronger for bb or W + W − channels. One main reason for this is that the integrated number of these channels is larger than that of the lepton channels. The situation is different for the neutrino detection and the limits are stronger for the µ + µ − and τ + τ − channels. For example, the authors of [28] studied the neutrino signals from nearby dwarfs. They found that compared with the current gamma-ray detectors, for the µ + µ − or ν µνµ channels, the IceCube neutrino detector will be competitive, especially for large dark dark matter mass, m χ > ∼ 7TeV. Similar results can also be seen from Refs. [30, 31] . For the neutrino detection, the main contamination for the source signals is from the atmospheric neutrino flux. From Eq. 5 it can be seen that these flux decreases with increasing energy as ∼ E −3 ν . On the other hand, the muon flux from the UCMHs does not decrease as much. So the neutrino signals would be detected for higher energy which corresponds to the larger dark matter mass or UCMHs. On top of this, with the improvement of the angular resolution of neutrino telescopes, it is expected that the limits on dark matter will be much better. Therefore, compared with the gamma-ray detectors, the neutrino detection has its own advantage, especially for heavier dark matter (e.g. m χ > ∼ 1TeV) and lepton channels (e.g. µ + µ − or ν µνµ ). The other most important point is that they will be a very useful complementarity of γ-ray observations for seeking dark matter.
III. CONSTRAINTS ON THE PRIMORDIAL CURVATURE PERTURBATION
The primordial curvature perturbation is very important for modern cosmology and its amplitude can be limited from different observations. The main constraints come from the cosmic microwave background (CMB) P R (k) ∼ 10 −9 [14] . These constraints carry the information of primordial curvature perturbations which correspond to the scales k ∼ 10 −4 − 1Mpc −1 . For smaller scales, the main constraints come from the PBHs in spite of no observations of these objects, P R (k) ∼ 10 [18] . The UCMHs provide another way of constraining the primordial curvature perturbations on smaller scales. Due to the steep density profile of UCMHs, it is excepted that the γ-ray flux would be produced from dark matter annihilation. In order to be consistent with the present observations, such as F ermi, the abundance of UCMHs must be constrained. In Refs. [9, 19] , the authors used the points sensitivity of F ermi to obtain the final constraints, P R (k) ∼ 10 −6 − 10 −8 for k ∼ 5 − 10 7.5 Mpc −1 . As mentioned in the introduction, the neutrinos are usually produced together with the γ-ray flux. Therefore, these signals would be a significant complementarity of γ-ray detection. Different from the previous works, we study the potential neutrino signals from UCMHs due to dark matter annihilation. Because no excess of neutrino signals has been observed as compared with the ATM, we can obtain the conservative constraints on the abundance of UCMHs and they can be used to obtain the limit on the primordial curvature perturbations. The methods used by us are mainly from Refs. [9, 19, 20] and here we only show the main description of the calculations.
The cosmological mass fraction at horizon entry, β(M H ), which then forms the UCMHs, is related to the present fraction of UCMHs [19, 20] ,
where Ω UCMHs and Ω DM are the fractions of UCMHs and DM, respectively, M UCMHs (z = 0, z eq ) is the mass of UCMHs at present and the redshift of equality of matter and radiation. If the initial perturbations are Gaussian, the present fraction of UCMHs can be written in the form [9] 
where δ max and δ min are the maximal and minimal values of density perturbations required for the formation of UCMHs. Both of them depend on the redshift [19] and in this work, for simplicity, we choose these values as δ max = 0.3 and δ min = 10 −3 , respectively. σ H (R) is related to the curvature perturbation as [19, 20] 
where W (x) = 3x −3 (sinx − xcosx) is the Fourier transform of the top-hat windows function with x ≡ kR. T is the transfer function describing the evolution of perturbations. For more detailed discussions one can see the appendixes in Refs. [19, 20] . The fraction of UCMHs can be defined as [9] Ω UCMHs
where M DM (r < d obs ) is the mass within the radius d obs which is the distance on which the neutrino signals from UCMHs would be observed by the detector. In this work, we use the NFW profile for the dark matter halo of the Milky Way and assume that the abundance of UCMHs is the same everywhere.
3 Much more accurate definition is given in Refs. [32, 33] .
The detection of neutrino signals is more difficult than that of the gamma rays due to the weak interactions between neutrinos and other particles. Moreover, the ATM would contaminate the target signals. In order to reduce this effect, Earth itself is usually used as the shield, which means that the good targets should lie on the other side of Earth compared to the detectors. Therefore, for the fixed target one should consider which detector is good. In this work, we assume that the UCMHs studied by us just lie in the appropriate direction. At present or in the near future, there are several detectors which can be used to search neutrino signals, such as IceCube/DeepCore and KM3Net.
where N UCMHs is the number of neutrinos from UCMHs due to dark matter annihilation. It can be obtained by integration of Eqs.(3) and (6)
where F eff (E µ ) correspond to the effective volume V eff and effective area A eff of the detector for the contained and upward events, respectively. For IceCube/DeepCore, we accept that the energy independent effect volume is V eff = 0.04km 3 and the angle-averaged muon effective area is A eff = 1km
2 . From Figs. 1 and 2 , it can be seen that the neutrino fluxes for the two channels τ + τ − and µ + µ − are slightly different, but the final integrated number is nearly the same. So, in this work, for simplicity we only consider one channel. The final constraints on the primordial curvature perturbation are shown in Fig. 3 . For this plot, we have chosen two values of the dark matter mass, m χ = 1 and 10 TeV, and the exposure time of the detector is ten years. From this figure, one can see that on the larger scales, k < ∼ 10 3 Mpc −1 , the constraints are nearly the same for different events and dark matter mass. The results are obviously different on larger scales 10 3 < ∼ k < ∼ 10 8 Mpc −1 . Stronger constraints come from the upward events and larger dark matter mass. For the contained events, the strongest constraint is P R (k) ∼ 10 −7.5 for k ∼ 10 3 Mpc −1 , while for the upward events, the strongest constraint is P R (k) ∼ 10 −7.6 for k ∼ 10 3.5 Mpc −1 .
IV. CONCLUSION
Due to the steep density profile of UCMHs, it is expected that the dark matter annihilation rate is very strong within these objects. The γ-ray flux as the product of dark matter annihilation has been discussed by several authors. On the other hand, neutrinos would be produced together with the gamma rays. In this work, we have studied this kind of potential signal including upward events and contained events. We found that for the fixed distance of UCMHs (d = 10 kpc) the final muon flux would exceed the flux for the ATM case for the large mass of UCMHs (e.g.M UCMHs ∼ 10 5 M ⊙ ) and dark matter (e.g.m χ ∼ 10 4 GeV). Because the flux of ATM decreases as the energy increases, the detection of high energy neutrinos is very significant for the indirect search of dark matter. On the other hand, compared with the classical dark matter halos, the formation time of UCMHs is earlier, so the abundance of UCMHs can be used to constrain the primordial curvature perturbations on small scales, which are not achieved through CMB observations. In the previous works in the literature, the authors obtained the constraints using the γ-ray observations or through the microlensing effect. The neutrino signals as a useful complementarity of gamma rays can also be used to achieve this goal. In this work, comparing with the neutrino background from the atmosphere, we obtain the constraints on the neutrino numbers from UCMHs due to dark matter annihilation and use these results to obtain the limit on the primordial curvature perturbations on the scales k ∼ 1 − 10 9 Mpc −1 . For the contained events, the strongest limit is P R (k) ∼ 10 −7.5 for k ∼ 10 3 Mpc −1 , and for the upward events, the strongest limit is P R (k) ∼ 10 −7.6 for k ∼ 10 3.5 Mpc −1 . In the previous works [9, 19] , the limits on the primordial curvature perturbations for the smaller scales are also obtained for the nondetection of gamma-ray signals. The strongest limits are P R (k) ∼ 10 −7 and our results are slightly stronger than these limits. However, it should be noted that different formation times of UCMHs also affect the final results (Fig.5 in Ref. [19] ). For future detectors, such as KM3Net, due to their larger effective volume (or area) and lower threshold, it is expected that the constraints on the primordial curvature perturbations on small scales will be stronger.
